Objective: The objective of the study is to validate self-reported cellular phone use information by comparing it with the cumulative emitted power and duration of calls measured by software-modified cellular phones (SMP). The information was obtained using a questionnaire developed for the international case-control study on the risk of the use of mobile phones in tumours of the brain or salivary gland (INTERPHONE-study). Method: The study was conducted in Bielefeld, Germany. Volunteers were asked to use SMPs instead of their own cellular phones for a period of 1 month. The SMP recorded the power emitted by the mobile phone handset during each base station contact. Information on cellular phone use for the same time period from traffic records of the network providers and from face-to-face interviews with the participants 3 months after the SMP use was assessed. Pearson's correlation coefficients and linear regression models were used to analyse the association between information from the interview and from the SMP. Results: In total, 1757 personal mobile phone calls were recorded for 45 persons by SMP and traffic records. The correlation between the self-reported information about the number and the duration of calls with the cumulative power of calls was 0.50 (Po0.01) and 0.48 (Po0.01), respectively. Almost 23% of the variance of the cumulative power was explained by either the number or the cumulative duration of calls. After inclusion of possible confounding factors in the regression model, the variance increased to 26%. Minor confounding factors were ''network provider'', ''contract form'', and ''cellular phone model''. Discussion: The number of calls alone is a sufficient parameter to estimate the cumulative power emitted by the handset of a cellular telephone. The cumulative power emitted by these phones is only associated with number of calls but not with possible confounding factors. Using the mobile phone while driving, mainly in cities, or mainly in rural areas is not associated with the recorded cumulative power in the SMP.
Introduction
Some concern has been raised about possible adverse health effects due to exposure to radiofrequency electromagnetic fields (RF-EMF) as emitted from cellular telephones. In particular, accusations that the use of cellular telephones causes brain cancer have been the research target of several recent epidemiological studies (reviewed in Boice and McLaughlin, 2002) . However, while it has been shown that the cumulative use of cellular telephones can be assessed reliably in questionnaire-based studies (Funch et al., 1996; Muscat et al., 2002; Parslow et al., 2003; Samkange-Zeeb et al., 2004) , it has still to be verified how well the use of cellular telephones reflects exposure to RF-EMF by these devices. It is obvious to assume that a higher number of calls or longer durations of calls are accompanied by an increased exposure to RF-EMF, but both the power emission of the cellular telephone and the power absorption of RF-EMF in the head are affected by a number of other factors, which might hamper an RF-EMF dose calculation based only on use patterns. One example is that the power emitted by the cellular telephone is depending on the distance to the nearest base station antenna (Stewart et al., 2000) . Owing to larger distances between base stations in rural areas, one could expect a higher average RF-EMF exposure for individuals who use the cellular telephone mainly in rural areas. This cannot be taken for granted, however, since adjustment to higher power emissions in cities to overcome shielding effects from buildings or to avoid interferences with other base stations could also lead to higher exposures in metropolitan areas. Another example is that using a cellular telephone while moving in a car or train leads to higher RF-EMF exposures, because, while in motion, the handset often switches to another base station and during each hand-over the power of the cellular telephone is set to its maximum (Wiart et al., 2000) .
In Germany, the Global System for Mobile communication (GSM system) is used, operating with a digital pulsed signal (217 Hz) within a 35 MHz bandwidth of the 900 MHz band and within a 75 MHz bandwidth of the 1 800 MHz band (Bernhardt, 1999) .
The GSM is based on the time division multiplex access (TDMA) technique. This technique allows eight users to share the same channel, that is, the same frequency band. Consequently, a cellular telephone emits (or receives) only for one-eighth of the communication time, which is about 0.6 ms every 4.6 ms (equals 217 Hz). With a constant peak output power of 2 W at 900 MHz, the mean power is then equal to 0.250 W. Cellular telephones operating at 1800 MHz have a peak output power of 1 W. The most important variation of the output power emitted by GSM phones is due to the network parameters and mainly due to the adaptive power control (PWC) and discontinuous transmission (DTX) technique. PWC technique allows a power reduction of the power emitted by the handset. The European Telecommunication Standard Institute recommends 15 levels of PWC for GSM 900 MHz (from 33 to 5 dB or average emitted power from 0.249 to 0.0004 W) and for GSM 1800 MHz (from 30 to 2 dB or average emitted power from 0.125 to 0.0002 W). Therefore, close to a base station with an unobstructed communication path between handset and base station antenna, the emitted power of a GSM handset can be very low, while far away or due to shielding by buildings, the power may be constantly on the highest level. DTX is also a technique useful to reduce interferences and to save power. DTX allows switching off the transmitter during speech pauses (Wiart et al., 2000) .
Quantification of RF-EMF exposure in epidemiological studies is essential (Cardis and Kilkenny, 1999) and was initiated in context of the international case-control study of cancers of the brain and salivary gland (INTERPHONEstudy) . This population-based case-control study started in 2000 and is conducted according to a common core protocol in 13 different countries. An objective of this study is to determine whether the use of cellular telephones increases the risk of brain tumours, acoustic neuromas, or tumours of the salivary gland.
The objective of the present analysis is a validation of the questionnaire of the INTERPHONE-study. This includes the validation of the subject's self-reported cellular phone use habits by data from network operators as well as by data from software-modified cellular phones. In this report, the recorded cumulative emitted power will be considered to validate the questionnaire.
Methods

Data Collection
Personally selected individuals (n ¼ 58) from Bielefeld, Germany, agreed to use software-modified phones (SMPs) for a period of 1 month between 10th of November 2001 up to 31st of December. Three different SMP models were distributed to the participants. Each participant put his or her own SIM card into the SMP. Participants were asked to use the SMP for a period of 1 month as they would use their own cellular phone. A telephone hotline was installed to offer support in case of problems with the operation of the SMPs. During the use of the SMPs, the date and time of the SMP contact as well as the output power level and the frequency band used were recorded. The recording sequences were 2.5 s in two models and 0.12 s in one model.
All participants were required to sign consent forms authorizing their respective network operators to provide the University of Bielefeld with the relevant cellular telephone use information over a 3-month period, (from the 1st of November 2001 to the 31st of January 2002). The consent forms were approved by the ethical commissions of the network operators and of the University of Bielefeld. The two largest German network providers, T-Mobile and Vodafone, were able to prospectively record all relevant data. Both network providers operate in the frequency band at 900 MHz as well as 1800 MHz (GSM). During the 3-month period, which always included the 1 month with the SMP, the following information was recorded for each call: whether it was incoming or outgoing, the start and stop date and time, and the type of call (voice or text message).
The study participants were interviewed at the end of the 3-month monitoring period (after 31st of January 2002). We conducted face-to-face interviews at the home of the participants using a computer-assisted personal interview (the one of the Interphone study, complemented by a few additional questions). The participants were asked questions about their recent cellular phone use. The questions referred to calls made as well as received in terms of average number of calls per day and the average duration of the phone calls in minutes. The participants were also asked about their use of cellular phones while driving in a car or travelling by train, about the amount of time the cellular telephone was used in cities or in rural areas, about the contract form, and whether they were the sole user of their cellular telephone and, if not, how much time the cellular telephone was used by others.
According to our eligibility criteria, all participants had to be in the 30-59 years age group and subscribers of T-Mobile or Vodafone.
Data Management
All data from the SMP were downloaded onto a computer. To analyse the data, the cumulative power was estimated in milliwatt-seconds (mWs). We used this form of emitted power estimation to get information about the emitted power as well as the duration of the exposure. The proportion of operating with the highest power level and the proportion of operation in the 1800 MHz frequency band was calculated for each call.
Traffic records from the network providers were cleansed and only in-and outgoing personal calls were considered; thus, text messages, call diversions (to transmit a call to another telephone or sending a call to another phone), and fax details were deleted, leaving only the actual information on cellular telephone use while talking.
The record linkage between SMP data and the data of the network operators was an extensive exercise. In the first step, each call from the SMP was linked with the traffic records by phone and date and time of call. Of the 58 participants, one participant was accidentally not recorded in the traffic records, three participants had faulty SMPs that did not record the calls correctly, and for three further participants, the linkage between SMPs and traffic records failed. In total, the record linkage was successful for 51 participants.
In the second step, the total number of calls and total duration of calls per person were calculated (from the SMP data as well as the network provider). In the third step, this was linked with the self-reported information from the personal interviews. Six participants were excluded as they had used the SMP for less than 7 days during the study period. Consequently, we could not rule out that they used the SMP only on weekends. The habits in using the phone might differ between working days and weekends and therefore both timeframes should be considered in the analysis. Finally, the analysis on the association between interview information and the information from the SMPs was based on 45 participants. The three parts of data collection are explained in detail in Table 1 .
Statistical Analysis
Differences in cumulative power (in mWs) and cumulative duration of calls (in min) between models and network providers were described using the log-transformed mean. Power is the cumulative power for each call in mWs and duration is the cumulative duration of each call in minutes. Log-transformation was necessary because the original data were highly skewed and the log values were nearly normally distributed. The Pearson's correlation coefficient between power and duration of each call was calculated. For descriptive purposes, the proportions of calls in the 1800 MHz frequency band as well as the proportions of calls operating totally with the highest power level were evaluated.
Number of calls and cumulative duration of calls as derived from the questionnaire were also log transformed because the log values were nearly normally distributed. The association between the self-reported information and the measured values in the SMP were also estimated using the Pearson correlation coefficient. For data presentation, backtransformed logmeans were used. The relevant variables for these analyses are presented in Table 1 .
Agreement between questionnaire information and SMP data was analysed by comparing the fourth quartile of the two distributions with the three lower quartiles. The agreement was estimated by percentage of accordance and the kappa-coefficient.
Multiple linear regression models with log-transformed values were used to estimate the impact of possible confounding variables of the association between the self- reported information and the recorded data in the SMPs. Cumulative power was used as the dependent variable. Total number of calls during the study period and total duration of all calls during the study period were both used as explanatory variables in different models. The following variables were considered as confounding factors: use of cellular telephone while driving in a car, bus or train; using it mainly in the city; having a prepaid card; the participant's age (linear); gender; school education; the SMP model; and the network provider. Owing to the small number of observations (n ¼ 45), no linear regression model was used including all possible confounding variables at the same time. In each regression model, one of the confounders listed above was included as a second explanatory variable in addition to the total number of calls or the total duration of calls. To estimate the effect of confounding, the parameter estimate (b) and its 95% confidence interval (95% CI) for the association between the self-reported information and recorded SMP data and the adjusted r 2 were calculated. A confounding effect was present, when the parameter estimate or confidence interval of the association between self-reported information and recorded SMP data was materially changed and when the adjusted r 2 was materially increased compared to the baseline model.
Results
The 45 participants had a mean SMP use of 23.5 days and a total of 1757 calls, linked between traffic records and SMP. Totally, 145 traffic records (5.0%) of all recorded traffic records could not be linked with the SMP data. In all, 998 records from the SMPs could not be linked with traffic records from the network providers (34.4% of all lines). It has to be noted that each contact with the base station (phone calls, text messages, faxes, switches off base stations, contacts with base stations for identification) is recorded in the SMP. Thus, the high number of mismatches can be explained as contacts between handset and base station that were used for identifying the closest base station to the handset. As these records are not part of a phone call, they had to be deleted from the SMP records along with the short text messages (SMS).
Gender was equally distributed in the study population ( Table 2 ). Most of the study participants had a high school education (60%) and lived in the city of Bielefeld (62%). The mean age was 41.5 years and the age range was 30-56 years of age. Nearly half of the participants used prepaid cards (40%) and at least 30% used the cellular telephone during their working time. Two-thirds of the participants used their cellular telephones also while travelling by car, bus or train and two-thirds used it more often in the city than in rural areas. Table 3 shows the mean power and the mean duration of each call. There were differences with regard to the cumulative power between the two network providers, even though the mean duration of calls (in total 59.3 s per call) and the number of days the phones were used (in total 23.5 days) did not differ between the operators. The lower cumulative power in network provider two is associated with a lower percentage of operating in the highest power level and a higher percentage of using the 1800 MHz frequency band. The correlation between the cumulative power of each call and the duration of each call was r ¼ 0.68 (no difference between network providers). The highest power level was used in total in 31% of the calls. Nearly 21% of the calls did not use the highest power level at all. The correlation analysis between the self-reported information and the recorded SMP data is presented in Table 4 . On an average, the participants reported a lower number of calls (27 calls, adjusted to 30 days of use) than the number counted by the SMPs (38 calls). The average duration of a call was somewhat higher in the interview (118 s) than recorded by the network provider (98 s). The Pearson correlation coefficient revealed a significant correlation of r ¼ 0.48 (Po0.01) for the number of calls, but a nonsignificant correlation of 0.20 (P ¼ 0.14) between the different estimates of the average duration of calls. The correlation of total duration of calls within the study period of 1 month (number of calls multiplied with the average duration of a call) between interview data and traffic records was 0.48 (Po0.01). The correlation of the total number of calls with the cumulative power was 0.50 (Po0.01) and the correlation of total duration of all calls with the cumulative power was 0.48 (Po0.01). Table 5 shows the agreement between questionnaire data and SMP data based on categorized information, as described in the Methods section. In contrast to the correlation analysis, total duration of all calls was slightly better estimated by the subject than total number of calls (accordance of 78% versus 69%). Both kappa coefficients show a rather fair agreement; however, the results are based on small numbers derived from highly skewed distributions.
The impact of potential confounding variables is presented in Table 6 . The most important variable in explaining the variance of the dependent variable of total cumulative power per participant was the number of calls. It already explained 23% of the variance of the cumulative power. None of the possible confounding variables revealed a significant parameter estimate for the association between itself and the cumulative power. No confounding effect was seen by subject's characteristics like age, sex, and educational level. The self-reported information on using the cellular telephone while driving or mainly in the city had also no effect on the adjusted r 2 . Minor impact on the association between number of calls and the cumulative power appeared from the information on different forms of contracts, on the network provider, and on the different phone models. Here, the adjusted r 2 was somewhat higher and minor changes in the parameter estimates were seen.
Discussion
Number of calls as well as cumulative duration of calls are adequate variables for estimating the cumulative power emitted by using a cellular telephone with a correlation of 0.50 (Po 0.01) and an adjusted r 2 ¼ 0.23, even though the kappa for the association between number of calls and the cumulative power is low. Information on different cellular telephone using habits like using the mobile phone while driving, or using it in the city did not explain any variance in the cumulative power emitted by the cellular telephones. Our data show that a high number of phone calls is operated at maximum power levels. This may indicate a nonoptimal effectiveness of the adaptive power control. It has to be explored further, whether this observation is restricted to our study area or whether this is a common phenomenon in Germany.
Up to now, no study is available showing the actual power emitted by cellular telephone during daily use. The present analysis is the first one addressing the correlation between self-reported information on cellular phone use from questionnaires and the measured emitted power from cellular telephones. Some studies, on the other hand, have already investigated the validity of self-reported information on cellular telephone use using billing or traffic records from network providers. An analysis of 3949 US participants with a 3-month period of collecting traffic records from the network provider found a correlation of r ¼ 0.79 between information from a self-administered questionnaire and the traffic records (Funch et al., 1996) . A smaller analysis on 176 study participants with billing records and the questionnaire on using habits for cellular telephones found a correlation of r ¼ 0.4 (Muscat et al., 2002) . The low correlation might be explained by the fact that only information on outgoing calls was provided on these billing records. In a self-selected group of 93 individuals, Parslow et al. (2003) compared number of calls and cumulative duration of calls with a 6-month period of traffic records. For number of calls, they estimated a Spearman correlation coefficent of r ¼ 0.48 (Po0.01) and r ¼ 0.60 (Po0.01) for the cumulative duration of calls. We also analysed the correlation between self-reported cellular telephone use information (face-to-face interview) with prospectively collected traffic records during a 3-month monitoring period. We found Spearman correlation coefficients of r ¼ 0.62 of the number of calls and r ¼ 0.56 for the cumulative duration of calls (Samkange-Zeeb et al., 2004) . The results of the present analysis showed r ¼ 0.50 for number of calls and r ¼ 0.48 for cumulative duration of calls between self-reported data and the calls counted by SMPs. We had expected that the correlation of self-reported information with traffic records would be better than that of self-reported information with SMP, as the former covered an observation period of 3 months and the latter only 23 days on average. Nevertheless, the correlation of 0.50 is still reassuring that valid data can be assessed by using questionnaire data (Willett, 1998) . Unfortunately the agreement between the questionnaire information and SMP data on categorical scale is low. This might be caused by the small Table 5 . Comparing categorized data between questionnaire (highest quartile of mobile phone use versus the three lower quartiles) and traffic records (highest quartile of cumulative power emitted by the cellular phone versus the three lower quartiles). Cutoff values are: for cumulative power: Zthan 920,000 mWs in 1 month; for number of calls: Z60 calls per months; for total duration Z2.1 h per month. numbers in each group. Particularly, the negative kappa coefficients in the confidence limits show that one of the problems occurred in this data set (Feinstein and Cicchetti, 1990) . Surprisingly, the correlation between the total duration of all calls and cumulative power was not better than the correlation between the total number of calls alone and cumulative power. Although one might expect that total duration of calls seems to add more information on RF-EMF exposure, total number of calls is already a sufficient predictor. Four explanations might be discussed:
(1) Our linear regression models showed that number of calls explained 23% of the variance of the cumulative power, while the total duration explained only 21% of the variance. (2) Owing to PWC and DTX, it can be argued that the longer a call, the lower the average power. Maximum power is necessary to build up the connection with the base station, only then, PWC gets active. Thus, with a longer duration of a call, the cumulative power increases only slowly. The different exposures might be better reproduced by counting the number of calls than cumulate the whole duration. (3) Some methodological aspects should be considered.
Number of calls is a single parameter, while the cumulative duration of calls is calculated from two parameters, namely the number of calls multiplied with the average duration for each call. Therefore, cumulative duration of calls depends on two variables which can both be imprecise. Our other analysis had shown that number of calls were likely to be under-reported, while duration of calls was likely to be over-reported (Samkange-Zeeb et al., 2004) . The modest correlation of r ¼ 0.20 for an average duration of call between interview and SMP data shows the particular problem of assessing the duration of calls. However, it has to be noted that the average duration of a call was asked in minutes in the interview but assessed in seconds by the SMP, which may partially explain the rather poor correlation. For the cumulative approach, two imprecise estimates are multiplied, which leads to even more deviation. Hence, the estimated cumulative duration F equivalent to the cumulative exposure F loses sensitivity as well as specificity particularly in the ranking order between rare, medium and frequent exposure due to cellular telephones. (4) The number of subjects with calls of long durations was rather small. Only for this group, measuring duration of call instead of number of calls may be superior.
Despite the lesser validity of the duration of phone use, it must still be considered in subsequent risk analysis. The discussion about the mechanism of the possible health effects of RF-EMF is still ongoing. Nobody knows if adverse health effects occur, and how they are triggered. Underlying mechanisms might involve many short exposures during lifetime F like 60 one-minute calls per week F but they might as well involve exposures where certain thresholds have to be exceeded F like only 60 min calls count as exposures. Our recommendation is therefore, that risk analysis should be performed with number of calls only but also on subjects with a higher number of longer calls.
In the multiple linear regression models, we considered a number of potential confounding variables but no significant impact of any factor was found. Information from the interviewee, such as if the cellular telephone was used while moving (in a car, train or bus) or mainly in the city, had no effect on estimating the cumulative power by the number of calls. These results are in contrast to previous studies that have shown an effect of using a cellular phone while in motion and of using the cellular telephones in cities (Wiart et al., 2000) . This might be due to the differences in study designs. The study by Wiart et al. was based on a random drive and walk through different areas and not based on cellular telephone use habits. It should also be kept in mind that in Germany the differences between rural and urban areas F particularly in such a densely populated region like Northrheinwestfalia F might be less pronounced than in other countries. An effect of conducting such a study in different areas cannot be ruled out either, thus, it is of great value that this type of validation study will be conducted in several other countries. Gender, age and educational level were also considered as confounding variables as they might influence the reporting habits in an interview, but no effect was found.
The quality of the data was verified by looking at the agreement between the information recorded by the SMPs and the phone calls recorded in the traffic records of the network providers. Only 5% mismatches of traffic record lines and SMPs records were a small problem in linking both databases. These missing lines occurred due to two different reasons. Firstly, the participants might have taken the SIMcard out of the SMP to use their own cellular phone. Secondly, since the connection of SMP data with traffic records was done by model, date, and time in seconds, it might have happened that a mismatch was due to a recording in the SMP that was some seconds earlier or later than in the traffic record. In our opinion, the total mismatch of 5% is low and underlines the validity of our data.
The fact that participants were personally selected is a major limitation in our validation study. The selective nature of the population may have made them more attentive to their telephone use and thus overstates the quality of selfreported data in general. Unfortunately, in previous validation surveys of the INTERPHONE Study group, some cellular phone models were stolen and we were asked to carefully select participants. The high educational level of our participants is caused by selecting the participants in and around the University. However, the extensive activities performed by the participants always might lead to a selection of motivated persons. The strength of our study is that all participants were followed up to the end of the study. The only exclusions in the analysis were necessary due to technical problems in recording the calls in the SMP, in network providers, or due to the short usage of the SMP.
In the analysis, the impact of the different frequency bands of 900 and 1800 MHz was not considered. While the emitted power in 1800 MHz band in the handset is smaller, the two collaborating network providers both use mainly frequencies in the 900 MHz range. All presented analyses were hence repeated with the data based only on 900 MHz frequency bands (nearly 90% of all calls). No differences were found (data not shown).
In addition, hands-free devices have not been considered at all. If hands-free devices were used, the SMPs also recorded the emitted power, although no RF-EMF exposure of the head occurs. These devices must be considered in the final risk analysis, but were irrelevant for the present analyses.
Conclusion
One proposal for a simple analysis of cumulative exposure of radiofrequency radiation of cellular telephones would be to consider only the lifetime cumulative number of calls. A more sophisticated approach of lifetime cumulative exposure should include SAR-values from different cellular telephone models, the technique and frequency band of the transferring signal from the network provider, and the use of hands-free devices. The different mean duration of calls should also be an important part of the analysis, due to different biological mechansims that have to be evaluated. This should, however, be done in an additional analysis stratified for users with mainly short or long durations of single calls.
